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Abstract 
 
Gangliosides are a family of sialic acid-containing glycosphingolipids that are 
enriched in the nervous system. They are located in the outer leaflet of the 
plasma membrane within lipid rafts and are thought to be involved in numerous 
cellular events, including proliferation, differentiation, migration and neurite 
outgrowth.  Gangliosides have also been shown to have neuroprotective actions 
and have been considered as candidates for the treatment of several 
neurodegenerative disorders.     
In this thesis, the role of gangliosides in glial proliferation, migration and 
differentiation as well as the regeneration of the olfactory system and 
myelination were studied using mice lacking enzymes involved in ganglioside 
biosynthesis.  Regeneration of the olfactory system in ganglioside knockout mice 
was similar to that of wild-type mice.  However, proliferation of olfactory 
ensheathing cells grown on collagen and the migration of Schwann cells grown 
on laminin or collagen was increased in Sia T -/- mice, which lack b-series 
gangliosides but have increased levels of a-series gangliosides.  These findings 
suggest that complex gangliosides modulate glial cell function to some extent. 
However, since the effects observed were subtle, it is possible that simpler 
gangliosides are able to compensate for the lack of complex gangliosides. 
Axonal density and myelination were unaffected in ganglioside knockout mice. 
However, the localisation of sodium channels at the node of Ranvier and 
potassium channels at juxtaparanode was retarded in GalNAc T -/- mice lacking 
all complex gangliosides, suggesting that complex gangliosides modulate the 
formation of nodes of Ranvier.  In addition, GalNAc T -/- mice had significantly 
lower numbers of NG2 positive early oligodendrocyte progenitors compared to 
wild-type and Sia T -/- mice, suggesting that complex gangliosides may affect 
early progenitor differentiation, proliferation or survival.    xviii 
Declaration 
I am the sole author of this thesis.  All the work presented in this thesis was 
performed by myself unless otherwise stated. 1 
CHAPTER 1 
Introduction     2 
1.1  Gangliosides 
                                                                                  
                                                                                 
                                                                                   
                                                                                 
                                                                                   
                    
1.1.1  Nomenclature, structure and biosynthesis 
                                                                              
                                                                            
                                                                                  
                                                                             
                                                                            
                                                                               
                                                                             et 
al.                                                                              
                                                                                
                                                                                
                                                                                 
                                                        et al.                 
et al.                                                 et al.                  et 
al.                                                            et al.        
                                                                                  
                     
                                                                       
                                                                             
                                                                                   
                                                                      
                                                                              
                                                                        
                                                                                  
                            et al.                                               3 
                                                                        
                                                                                
          et al.                      
                                                                            
                                                                          
                                                                 et al.          
                                                                      
                                                                             
                                                                                
                                                                             
                                                                                 
                                                                                 
                                                                          
                                                                                  
                                                        et al.           
                                                                              
                                                                          
                                                            4 
 
Figure 1.1. Ganglioside structure 
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Figure 1.2. Ganglioside conformation. 
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Figure 1.3.  Ganglioside biosynthesis pathway showing the effect of knocking out Sia T and 
GalNAc T genes.   
                                                                                         
                                                                                             
                                                                                                    
                                                                                               
                                                                          
                                                                                                     
                                                                                                 
                                                                                                
                                        
                                           
                                         N                                        
                N                                                     
                                               
 
GD1c GT1a
Cis GM1 GD1a
GA1 GM1
GA2 GM2
CER–
(LacCer)
CER–
(GM3)
CER–
0-SERIES a-SERIES
GalNAc T -/- mice
CER CER–
(GM4)
CER–
Sia T -/- mice
GalNAc T
GD1b
GD2 GT2
GT1c
Sia T
(GD3)
CER–
(GT3)
CER–
GQ1b GP1c
GT1b
c-SERIES
GQ1c
b-SERIES
GD1c GT1a
Cis GM1 GD1a
GA1 GM1
GA2 GM2
CER–
(LacCer)
CER–
(GM3)
CER–
0-SERIES a-SERIES
GalNAc T -/- mice
CER CER–
(GM4)
CER–
Sia T -/- mice
GalNAc T
GD1b
GD2 GT2
GT1c
Sia T
(GD3)
CER–
(GT3)
CER–
GQ1b GP1c
GT1b
c-SERIES
GQ1c
b-SERIES    6 
1.1.2  Lipid rafts 
                                                                         
                                                                               
                                                                                    
                                                                        
                                                                                
                                                                                     
                                                                          
                                                                                 
                                                                                 
                                                                                 
                                                
                                                                                 
                                                                        
                                                                               
                                                                                     
                                                           et al.              
                             
                                                                                      
                                                                           
                                                                                  
                                                                           
                                                                            
                                                                      et al.  
       
                                                                                 
                                                                            
                                                                              
et al.                                                                    
                                                                                   
                                                                          
                                                                                      7 
                                                                                 
                                                                           
                                                                      
                                                                  
                                                                         
                                              
                                                                            
                                                                                 
                                                                              
                                                                            
                                                                         et al.  
                                                                            
                                                                      
                                                                             
                             et al.                                            
                                                                                    
                                                   et al.                   
                                                                                  
                           et al.                                                
                                                         et al.               
                                                                   
                                                                               
                                              et al.                          
                           et al.                                                
                                                                                  
                                                                                   
                                                                          
             8 
1.1.3  Function of gangliosides 
                                                                             
                                                                             
          et al               et al                                            
                                                                      et al.  
                                                                             et 
al.         
                                                                                
                                                                          
                                                                              
                                                                            
                                                                    
                                                                      
                                                                                  
                                                                       
                                                                                    
                                                                               
                                                                               
                                                                              
              
1.1.3.1  Proliferation 
                                                                                
                                                                                
                                                                           
                                                                           
                                                                        
                                                        et al.          
                                                                                
                                                                                
                                                                           
                                             et al.             9 
                                                                                
                                                                                 
                                 et al.                              
                                                                             
                                                                      et al.  
       
1.1.3.2  Differentiation 
                                                                         
                                                                                  
                                                                                 
                                                                   
                                                                                
        et al.                                                                      
                                                                                 
                                                          et al.               
                                 
                                              
                      
                      et al.         
                                                                                     
                                                                               
                           et al.                                       
                                                                  et al.          
                                                                    
                                                                            
                                                                                 
                         et al.                                     
                                                                            
                                     et al.                                     
                                                                            
                                                                                  
                                                                           
                                                               et al.               10 
1.1.3.3  Apoptosis 
                                                                                
                                                                               
                                                                               et 
al.         
                                                                                
                                     et al.                             
                               et al.                                        
                  et al.                                                 
                                                                           et 
al.                                                                          
                                                                     
                                                 
                                                                             
                                                                                  
                                                                          et al.  
         
1.1.3.4  Cell adhesion and migration  
                                                                          
                                                                                
                                                                                  
                                                                              
                                    et al.                                       
                                                                            
                                                                  
                                                                                 
                                                                  in vivo 
      et al.                                                                         
                                                                            
                                                 et al.                       
                                                    et al.                    11 
                                                                                 
                                                                                
                                                                               
et al.          
                                                                                  
                                     et al.                                      
                                                                          
                                               n vitro                         
                                                                           
                      et al.                et al.                               
                                       et al.                  et al.            
                                                                                
                                            et al.                                  
         in vitro         et al.                                              
                                                                           
                                                                           
                                                        et al.             
                                                                      
                                                                                   
                                                                        
                                                     et al.          
                                                                           
                                                                         
                        et al.                                       
                                                                                 
                                                                                
                    et al.                                                     
                  et al.                                                        
                                                                      et al.          
                                                                        
                                                              et al.           
                                                                              
                                                    et al.                           12 
                                                                                
                                                                                 
                                                          et al.          
                                                                                
                                                                                 
                                                                          et 
al.         
                                                                         
                                                                              
                                                                                 
                                      et al.                                   
                                                                                  
                                                                            
                                            et al.              et al.          
                                                                         
                                                                           et 
al.                                                          et al.           
                                                                              
                                                                               
                                                                              
                                                                                 
                                                                              
   in vivo                                                              
                                                      et al.           
1.1.3.5  Neurite outgrowth 
                                                                                
                                                                      
             et al.                     et al.                                  
                                                                              
                                                                              
                                                                             
                                                                                    13 
                            et al.                 et al                    
                                                                          
                                                                         
                                                                                
                                                                            
                                                                               
                                                                            
                                                                              
                                                                                 
                               et al.         
1.1.3.6  Myelin stability 
                                                                            
                                                                        
                                                                             
                                                                                
                                                                               
                                                                               
                                                                        
                                                                                
                                                                          
                                                                            
                                     et al.                    et al.           
                                                                                   
                                                                       
                                                                         
                    et al.                                                      
                                                    et al.                     
                                                                          
                 
                                                              et 
al.                                                                            
                                                                                
                                                                           
                                                                                14 
        et al.                                                                 
                                                                            
                        et al.           
                                                                                  
                                                                                   
                                                                           
                                     et al.                                   
                                                                                
                                         et al.                            
                                                                                
               et al.                                                            
                                                                            
                                                                                 
                                                                              
                      et al.                                                 
                                                                          
                                                                             
                                                                             
              et al.         
1.1.3.7  Regeneration 
                                                                             
                                                                             
                                                                          
                                                                      
                                                                             
                          et al.                                          et al.  
                                                                         
                      
                                                                               
                                                                         et al.  
                                                                           
                                                       et al.                    15 
                                                                              
                   et al.                                                     
                                                                                 
                                                                           
                                                                            
                                                                             
         et al.         
1.1.3.8  Signalling  
                                                                            
                                                                             
          
                                                                               
                                                                     et al.        
         et al.                 et al.                  et al.          
                                                                                    
                                et al.               et al.              et al.  
            et al.                                    
                                                                                 
         et al.              et al.         
                                                                               
                                             et al.                 et al.  
             et al.         
                                                                              
                               
                                                                                 
                                               16 
1.1.3.9  Regulation of growth factor receptors 
                                                                              
                                                                                  
                                                                                     
                                                                                
                                                                                
                                                                     
                                                                                   
                                                                                 
                                                                                
                                                                              
                                                                              
                                                                                
                                                                             
                 
1.1.3.9.1  Nerve growth factor receptor, TrkA 
                                                                           
                                                                               
                                                
                              
                                                                                
                                                                      
                                                                                  
                                                                                 
                                                                        
                                                                                  
                                 
                                             
                                                                          
                                                                                
                                                                               
                                                                          
                                                                              
                                                                                  
                                                                            et     17 
al.                                                                        
                                                                                  
                                                          
                                                                              
                                                                        
                            et al.                                           
                                                                           et 
al.                                                                        
                                      et al.                                 
                                                                                 
                                                    
         et al                                                               
                                                                                
                                                                                
                                                                            
                                                                              
                                                                               
                                                                    in vivo 
                                                           et al             
                                                                                
        in vivo         et al.             et al.                              
             
                                                                             
                                                                               
                                                                       
                                                                              
                                                          et al.                
                                                                            
            
                                                    
                                                                            
                                                                              
                                                                                
   
                                                            
                 18 
                                                                                 
                                                                        
                                                                                
                                                                                      
            in vitro                                                           
                                                                             
                    
                                                                             
                                
                                                                              
                                                                               
                                                                              
                                                        
                                                                                   
                                                                      
1.1.3.9.2  Epidermal growth factor receptor (EGFR) 
                                                                             
             et al.                                     et al.                 
et al.           et al.                                                          
                                                                         
                                                                                  
                                                          et al.           et al.  
       
                                                                            
                                                                                
                                                                   in vitro 
        et al.                                                                  
                                                                               
                                                          et al.                
                                                                        
                                                                               
                                                                                    19 
                                                                                 
                                                                               
                                                                         
                                                                         
                                        et al.                                
                                                                         
                                                                            
                                                                      
                                                                               
                                                    et al.               et al.  
                                                                             
                                                                                
                                                                             
                                                                               
                                                                          
                                                              et al.           
                                                                            
                                                                              
                                                                                
               et al.                                                             
                                                                                 
                                                                                 
                                         
                                                                             
                                                                     
                                                                        
        
1.1.3.9.3  Platelet-derived growth factor receptor (PDGFR) 
                                                                               
                                                                             
                           20 
                                                                      
                                                                             
                                                                         
                                                                               
                                                                                
                             et al.                                               
                                                                               
                                                                                 
                                                                                  
                                                                            
                     et al.                                                  
                                                                                 
                                                                               
                                                                         
                       et al.         
1.1.3.9.4  Fibroblast growth factor receptor (FGFR) 
                                                                               
                                                                         
                             et al.                et al.                    
                                                                     
                                                                                  
                                                                     
                                                                        
                                et al.                                  
                                                                      
                                                                          
                                                                               
                                       
                                                                                
                                                       et al.              et al.  
                                                                                 
                                                                                  
                                                                                 21 
                                                                 et al.        
           et al.                     et al.         
                                                                                   
                                                                             
                     et al.                                                 
                                             et al.                         
                                                                               
                                                                           
                                                                                
                                
                                                                               
                            et al.                                             
                                                                               
                                                                             
                                                                                  
                                                               
 
                                                                       
                                                  
       
                                                              
                                                
 
 
                                                          
 
                                                             
                                                   
 
       
    
    
    
                                                               
                                                       
    
     
 
 
 
                                                             
 
                                                                              
 
                                                                             
     22 
Figure 1.4. Regulation of growth factor receptors by gangliosides 
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Figure 1.5. Summary of oligodendrogenesis in vivo.   
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Figure 1.6. Ganglioside expression of oligodendrocytes. 
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Figure 1.7. Schematic depiction of the node of Ranvier, paranode, juxtaparanode, and 
internode. 
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Figure 1.8. Cells of the olfactory epithelium 
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Figure 1.9. Anatomy of the olfactory system. 
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Figure 2.1. Generation of Sia T -/- mice (Modified from Okada et al, 2002).  
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Figure 2.2. Generation of GalNAc T -/- mice (Modified from Takamiya et al, 1996.)  
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Figure 2.3. Image of a wound assay showing how the width of the wound was measured. 
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Table 1.1 Primary antibody list 
 
ANTIBODY  CLASS  DILUTION  SOURCE 
β tubulin isotype III; TUJ1  IgG2a  1:500  Covance  
A2B5 hybridoma  IgM  1:1  Gift from Mark Noble 
AA3  Anti-rat  1:10  Hybridoma;Yamamura, 1991 
BrdU  IgG1  1:20  DakoCytomation 
CGM-3  IgM  20 µg/ml  Prof. Hugh Willison 
caspr  Anti-rabbit  1:1000  Dr Ori Peles 
contactin  Anti-human   neat  Dr Ori Peles 
EG-2  IgG3  50 µg/ml  Prof. Hugh Willison 
EG-3  IgG1  50 µg/ml  Prof. Hugh Willison 
Gap43  IgG2a  1 in 5000  SigmaAldrich 
GFAP  Anti-rabbit  1:100  DakoCytomation 
Kv1.2  Anti-rabbit  1:100  Alomone Laboratories 
MBP  Anti-rat  1:200  Serotec 
MOG-1  IgG3  90 µg/ml  Prof. Hugh Willison 
MOG-30  IgG3  160 µg/ml  Prof. Hugh Willison 
MOG-35  IgG2b  20 µg/ml  Prof. Hugh Willison 
Nav (pan)  IgG1  1:100  SigmaAldrich 
NG2  Anti-rabbit  1:200  Chemicon 
Nestin       IgG1  1:200    Chemicon 
Neurofascin 155  Anti-rabbit  1:200  Dr Ori Peles 
O4 hybridoma  IgM  1:1  Sommer & Schachner, 1981 
OMP  Anti-goat  1:500  Wako 
p75
NTR  Anti-rabbit   1:800  Abcam 
PCNA  IgG2a  1:20,000  Santa Cruz 
R24  IgG3  1:100  Prof. Hugh Willison 
SMI 31  IgG1  1:1500  Sternberger monoclonals 
Synaptophysin  IgG1  1:400  Sigma 
Thy 1.2  IgM  1:10  Serotec 
 
 
Table 1.2 Secondary antibody list 
 
ANTIBODY  CONJUGATE  DILUTION  SOURCE 
Goat anti mouse IgG1  FITC; TRITC  1:100  Southern Biotech 
Goat anti mouse IgG1  Alexa Fluor: 488, 555, 647  1:600  Molecular Probes 
Goat anti mouse IgG2a  FITC; TRITC  1:100  Southern Biotech 
Goat anti mouse IgG2b  FITC; TRITC  1:100  Southern Biotech 
Goat anti mouse IgG3  FITC; TRITC  1:100  Southern Biotech 
Goat anti mouse IgM  FITC; TRITC  1:100  Southern Biotech 
Goat anti rabbit IgG    FITC; TRITC  1:100  Southern Biotech 
Goat anti rabbit IgG  Alexa Fluor: 488, 555  1:600  Molecular Probes 
Goat anti rat IgG  FITC; TRITC  1:100  Southern Biotech 
Goat anti rat IgG  Alexa Fluor: 488, 555, 647  1:600  Molecular Probes 
Donkey anti goat IgG  FITC  1:100  Southern Biotech 
Goat anti human IgG, 
Fcγ 
Cy3  1:500  Jackson Labs 
Rabbit anti mouse IgG  Biotinylated  1:300  DakoCytomation 
Goat anti rabbit IgG  Biotinylated  1:300  DakoCytomation 
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2.7.2  Bromodeoxyuridine immunocytochemistry  
                                                                               
                                                                            
                                                                             
                                                                          
                                                                           
                                                                             
                                                                            
2.7.3  SMI 31 and AA3 immunocytochemistry  
                                                                       
                                                                               
                                                                             
                                                                       
                                                                              
                                                                                
                                                                                
                                                                            
2.7.4  O4, NG2 and MBP immunocytochemistry 
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2.7.5  Neurofascin immunocytochemistry  
                                                                               
                                                                               
                                                                              
                                                                               
                                                                            
                                                                                
                                                                             
                                                                                 
                                                                           
                                  
2.7.6  Caspr immunocytochemistry 
                                                                               
                                                                           
                                                                           
                                                                              
                                                                               
                                                                                
                                                                             
                                                                                 
                                                                           
                                  
2.7.7  Sodium and potassium channel immunocytochemistry 
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2.8  Immunohistochemistry 
2.8.1  General immunohistochemistry of frozen tissue 
                                                                               
                                                                              
                                                                           
                                                                           
                                                                                 
                                                                             
                                                                                  
                                                                          
                                                                       
                 
2.8.2  General immunohistochemistry on paraffin sections 
                                                                         
                                                                           
         
2.8.2.1  Immunofluorescence 
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2.8.2.2  Immunohistochemistry 
                                                                             
                                                                               
                                                                               
                                                                                
                                                                                
                                                                         
                                                                        
                                                                                 
                                                                            
                                                                           
                                                                              
                                                                                
                                                                            
                                                                           
                                                                              
                                                                              
                                                                              
                                                                         
                                  
2.8.3  PCNA and GFAP immunohistochemistry 
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2.9  Histological staining 
2.9.1  Haematoxylin and eosin    
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2.10  Quantification of regeneration 
2.10.1  Olfactory epithelium width assessment 
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Figure 2.4. OE width measurements  
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2.10.2  Quantification of immunohistochemistry 
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2.10.3  Quantification of cell number 
                                                                               
                                                                                
                                                                        
                                                                            
                                                                         
                      
2.11  Microscopy 
                                                                              
                                                                              
                                                                          
                                                                                
                                                                               
                      
2.12  Statistical analysis 
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3  CHAPTER 3 
Comparison of the proliferative and migratory 
properties of wild-type and ganglioside-knockout 
Schwann cells and OECs.     97 
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3.2  Results  
3.2.1  Mitogenic activity of known glial growth factors  
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Figure 3.1. Schwann cell and OEC proliferation under different growth factor conditions. 
Schwann cells and OECs isolated from 7 day old mice were purified after approximately 7 DIV 
and plated onto glass coverslips (10,000 cells per coverslip) in 10%HF and OMM+5%FBS, 
respectively.  They were left to attach overnight, washed with DMEM-BS and treated with various 
growth factors in DMEM-BS for 48h.  Twenty micromolar of BrdU was added for the last 16h of 
the experiment.  Proliferating cells were visualised by indirect immunolabelling with an anti-
BrdU antibody, and nuclei were visualised with DAPI.  The mean OEC proliferation rates 
expressed as the percentage of BrdU positive nuclei are displayed in A.  The mean Schwann cell 
proliferation rates are displayed in B.  Each point represents the mean ± SEM (n=3); (*) p < 0.05.  
The table in C explains the abbreviations used in the graphs and shows the concentration of each 
growth factor used.   
Abbreviation  Contents 
DMEM-BS  See Appendix for contents 
10%FBS  10% foetal bovine serum and 100 mM glutamine in DMEM 
10%HF  “10%FBS”; 2 µM forskolin; 20 ng/ml heregulin 
OMM+5%FBS  5% FBS; 500 ng/ml FGF2; 50 ng/ml heregulin; 0.5 nM 
forskolin; 20% ACM in DMEM-BS  
BDNF  20 ng/ml brain derived neurotrophic factor in DMEM-BS 
EGF  20 ng/ml epidermal growth factor in DMEM-BS 
FGF  50 ng/ml fibroblast growth factor in DMEM-BS 
Forskolin  20 µg/ml forskolin in DMEM-BS 
Heregulin  20 ng/ml heregulin in DMEM-BS 
IGF-1  20 ng/ml insulin-like growth factor-1 in DMEM-BS 
NT-3  20 ng/ml neurotrophin-3 in DMEM-BS 
PDGF  5 ng/ml platelet-derived growth factor in DMEM-BS 
TGFβ  20 ng/ml transforming growth factor β in DMEM-BS 
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Figure 3.2. Effect of increasing acidity on Schwann cell and OEC proliferation. 
Purified Schwann cells and OECs from 7 day old mice were plated on PLL-coated coverslips at a 
density of approximately 10,000 cells per coverslip. Schwann cells were maintained in 10%HF and 
OECs in OMM+5%FBS throughout the experiment.  The cells were allowed to attach overnight in 
incubators containing 7% CO2, then washed with DMEM-BS and fresh media added.  They were 
maintained in 5%, 7% or 10% CO2 for 48 hours.  Twenty micromolar of BrdU was added for the last 
16 h of the experiment and the percentage of cells expressing BrdU was assessed by indirect 
immunocytochemistry using an anti-BrdU antibody, to label proliferating nuclei and DAPI to 
visualise all nuclei.  Increasing the CO2 concentration and thereby increasing the acidity did not 
significantly alter the growth of either Schwann cells or OECs.  (A) displays the mean 
proliferation rates in OECs expressed as % of BrdU incorporation and (B) displays the data for 
Schwann cells.  Each point represents the mean ± SEM (n=3).   
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3.2.3  Ganglioside expression of Schwann cells and OECs 
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Table 3.1. Table showing ganglioside expression of OEC and Schwann cells 
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Figure 3.3. Representative images of CTx labelling of OECs. 
Purified OECs from 7 day old wild-type (I-III), Sia T -/- (IV-VI) and GalNAc T -/- mice (VII-IX) were 
labelled with CTx (green) and p75
NTR (red).  Nuclei were visualised with DAPI (blue).  I, IV and VII 
illustrate the p75
NTR immunoreactivity; II, V and VIII illustrate the CTx immunoreactivity; III, VI 
and IX illustrate the merged images.  CTx binds to ganglioside GM1, whereas p75
NTR identifies 
OECs.  The majority of wild-type and Sia T -/- OECs express GM1 as demonstrated by the double-
labelling of p75
NTR with CTx.  The intensity of CTx labelling is heterogeneous: in some cells the 
immunoreactivity is strong (arrowhead) whereas in others it is weak (arrow) (V).  GalNAc T -/- 
mice lack all a-series gangliosides and therefore do not express GM1 as demonstrated by the lack 
of CTx labelling (VIII).  Scale bar = 50 µm. 
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Figure 3.4. Representative images of CTx labelling of Schwann cells. 
Purified Schwann cells from 7 day old wild-type (I-III), Sia T -/- (IV-VI) and GalNAc T -/- mice 
(VII-IX) were labelled with CTx (green) and p75
NTR (red).  Nuclei were visualised with DAPI (blue).  
I, IV and VII show the p75
NTR immunoreactivity; II, V and VIII show the CTx immunoreactivity; III, 
VI and IX show the merged images.  CTx binds to ganglioside GM1, whereas p75
NTR identifies 
Schwann cells.  The majority of wild-type and Sia T -/- Schwann cells express GM1 as 
demonstrated by the double-labelling of p75
NTR with CTx.  The intensity of CTx labelling is 
heterogeneous: in some cells the immunoreactivity is strong (arrowhead) whereas in others it is 
weak (arrow) (V).  Note that the brightness in image V was digitally increased to reveal the 
weaker staining.  GalNAc T -/- mice lack all a-series gangliosides and therefore do not express 
GM1 as demonstrated by the lack of CTx labelling (VIII).  I-III scale bar = 50 µm; IV-IX scale bar = 
20 µm. 
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Figure 3.5. Representative images of MOG35 labelling of OECs.   
Purified OECs from wild-type (I-III), Sia T -/- (IV-VI) and GalNAc T -/- mice (VII-IX) were labelled 
with MOG35 (green) and p75
NTR (red).  Nuclei were visualised with DAPI (blue).  I, IV and VII show 
the p75
NTR immunoreactivity; II, V and VIII show the MOG35 immunoreactivity; III, VI and IX show 
the merged images.  MOG35 binds to ganglioside GD1a, whereas p75
NTR identifies OECs.  Majority 
of wild-type and Sia T -/- OECs express GD1a as demonstrated by the double-labelling of p75
NTR 
with MOG35, however some OECs do not express MOG35 (arrow) (IV).  GalNAc T -/- mice lack all 
a-series gangliosides and therefore do not express GD1a as demonstrated by the lack of MOG35 
labelling (VIII).  Scale bar = 50 µm. 
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Figure 3.6. Representative images of MOG35 labelling of Schwann cells.   
Purified Schwann cells from wild-type (I-III), Sia T -/- (IV-VI) and GalNac T -/- mice (VII-IX) were 
labelled with MOG35 (green) and p75
NTR (red).  Nuclei were labelled with DAPI (blue).  I, IV and 
VII show the p75
NTR immunoreactivity; II, V and VIII show the MOG35 immunoreactivity; III, VI and 
IX show the merged images.  MOG35 binds to ganglioside GD1a, whereas p75
NTR identifies 
Schwann cells.  Majority of wild-type and Sia T -/- OECs express GD1a as demonstrated by the 
double-labelling of p75
NTR with MOG35.  Contaminating fibroblast also label with MOG35 (arrow) 
(II).  GalNAc T -/- mice lack all a-series gangliosides and therefore do not express GD1a as 
demonstrated by the lack of MOG35 labelling.  I-III scale bar = 50 µm; IV-IX scale bar = 20 µm. 
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A very small proportion of both Schwann cells and OECs (less than 1%) expressed 
ganglioside GD1b which is recognised by the antibody MOG1 (Figure 3.7).  This 
was not due to the contaminating cells since the positive cells co-labelled with 
p75
NTR.  A small percentage of both OECs and Schwann cells (less than 5%) 
labelled with the marker R24 which binds to GD3 and several complex 
gangliosides.  A similar proportion of GalNAc T -/- cells, which lack all complex 
gangliosides, labelled with R24 (Figure 3.8).  The contaminating cells in OEC and 
Schwann cell cultures also labelled with MOG1 and R24 (Figure 3.12 and 3.13).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7.  Representative images of MOG1 labelling of OECs and Schwann cells. 
Purified wild-type OEC (I-III) and Schwann cells (IV-VI) were labelled MOG1 (green) and p75
NTR 
(red).  Nuclei were visualised with DAPI (blue). I and IV show the p75
NTR immunoreactivity; II and 
V show the MOG1 immunoreactivity; III and VI show the merged images. Less than 1% of wild-
type p75
NTR immunoreactive Schwann cells and OECs double labelled with MOG1, which binds to 
ganglioside GD1b.  Scale bar = 20 µm. 
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Figure 3.8. Representative images of OEC and Schwann cell expression of R24. 
Purified wild-type and GalNAc T -/- OECs and Schwann cells were double labelled with p75
NTR 
(red) and R24 (green).  I-III wild-type OEC; IV-VI wild-type Schwann cells; VII-IX GalNAc T -/- 
OEC; X-XII GalNAc T -/- Schwann cells.  R24 labels gangliosides GT1a, GQ1b and GD3.  Since 
GalNAc T -/- lack all complex gangliosides, the R24 labelling in GalNAc T -/- cells is due to R24 
binding to simple ganglioside GD3.  Nuclei were visualised with DAPI.  I-IX Scale bar = 50 µm; X-
XII scale bar = 20 µm. 
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There was a slight difference in the ganglioside expression between OECs and 
Schwann cells.  A very small proportion of Schwann cells were positive for 
MOG30, EG2 and EG3 (less than 1%), whereas OECs were negative for all three 
(Figures 3.9, 3.10 and 3.11, respectively).  The EG2, EG3 and MOG30 labelling in 
Schwann cell cultures was not due to the contaminating fibroblasts since the 
positive cells also labelled with p75
NTR.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9. Representative images of MOG30 labelling of OECs and Schwann cells. 
Purified OECs (I-III) and Schwann cells (IV-VI) from 7 day old wild-type mice were double labelled 
with p75
NTR (red) and MOG30 (green).  Nuclei were visualised with DAPI (blue).  Merged images 
are shown in images III and VI.  All of the p75
NTR positive OECs were negative for MOG30.  Less 
than 1% of Schwann cells were positive for MOG30, which binds to ganglioside GQ1b.  I-III scale 
bar = 50µm; IV-VI scale bar = 20 µm. 
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Figure 3.10. Representative images of EG2 labelling of OECs and Schwann cells. 
Purified wild-type OECs (I-III) and Schwann cells (IV-VI) were labelled with p75
NTR (red) and EG2 
(green).  Nuclei were visualised with DAPI (blue). III and VI show the merged images. p75
NTR 
labels OECs and Schwann cells; EG2 labels gangliosides GT1a, GD1b, GT1b and GQ1b.  All of the 
p75
NTR OECs were negative for EG2, whereas less than 1% of p75
NTR immunoreactive Schwann 
cells were also EG2 immunoreactive.  Scale bar = 50 µm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11.  Representative images of EG3 labelling of OECs and Schwann cells. 
Purified wild-type OECs (I-III) and Schwann cells (IV-VI) were labelled with p75
NTR (red) and EG3 
(green).  Nuclei were visualised with DAPI (blue). III and VI show the merged images.  p75
NTR 
labels OECs and Schwann cells; EG3 labels gangliosides GT1a and GQ1b.  All of the p75
NTR OECs 
were negative for EG3, whereas less than 1% of p75
NTR immunoreactive Schwann cells were also 
EG3 immunoreactive.  Scale bar = 50 µm. 
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Figure 3.12. Ganglioside expression of contaminating cells in OEC cultures.   
Mixed olfactory bulb cultures from wild-type mice were labelled with p75
NTR (red, I-VI) and the 
following ganglioside markers (green): CTx (I), MOG35 (II), EG2 (III), EG3 (IV), MOG30 (V) and R24 
(VI).  OECs purified from 7-day old wild-type olfactory bulbs contain less than 5% of 
contaminating cells.  These contaminating cells differ in morphology from the OECs and are 
p75
NTR negative.  These contaminating cells express gangliosides, SMA (red, VII) and Thy 1.2 
(green, VIII).  Note the difference in morphology between p75
NTR positive OECs (arrow) and the 
p75
NTR negative cell in II.  Nuclei were visualised with DAPI (blue).  Scale bar = 20 µm   
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Figure 3.13. Ganglioside expression of contaminating cells in Schwann cell cultures.   
Mixed sciatic nerve cultures from wild-type mice were labelled with p75
NTR (red, I-VI) and the 
following ganglioside markers (green): CTx (I), MOG35 (II), MOG1 (III), MOG30 (IV), and R24 (V).  
Schwann cells purified from 7-day old wild-type sciatic nerves contain less than 5% of 
contaminating cells.  These contaminating cells differ in morphology from the Schwann cells and 
are p75
NTR negative.  These contaminating cells express gangliosides, as well as, fibronectin (red, 
VI) and SMA (green, VII).  Nuclei were labelled with DAPI.  VIII shows the merged SMA and 
fibronectin image.  Scale bar = 20 µm. 
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3.2.4  Antigen profile and morphology of wild-type and 
ganglioside knockout cells 
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Figure 3.14. Morphology of wild-type and ganglioside knockout OECs grown in DMEM-BS.  
Wild-type (I-III), Sia T -/- (IV-VI) and GalNAc T -/- (VII-IX) OECs were trypsinised from parent 
cultures, and re-plated at low density on wells coated with PLL (I, IV & VII) , laminin (II, V & VIII) 
or collagen (III, VI & IX) as described in the Methods section.  Cells were left to attach overnight 
in OMM+5%FBS.  This was replaced by growth factor- and serum free medium, DMEM-BS, and 
phase contrast images were taken 48 hours later.  In each image, a cell was chosen as an 
example and arrows were used to show where its processes end.  These representative images 
show that there was no difference in the morphology of OECs derived from wild-type, Sia T -/- 
and GalNAc T -/- mice.  Scale bar = 100 µm. 
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Figure 3.15. Morphology of wild-type and ganglioside knockout OECs grown in OMM+5%FBS.  
Wild-type (I-III), Sia T -/- (IV-VI) and GalNAc T -/- (VII-IX) OECs were trypsinised from parent 
cultures, and re-plated at low density on wells coated with PLL (I, IV & VII) , laminin (II, V & VIII) 
or collagen (III, VI & IX) as described in the Methods section.  Cells were maintained in 
OMM+5%FBS.  Phase contrast images were taken 48 hours after plating.  In each image, a cell was 
chosen as an example and arrows were used to show where its processes end.  Scale bar = 100 
µm. 
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Figure 3.16. Morphology of wild-type and ganglioside knockout Schwann cells grown in 
DMEM-BS.   
Wild-type (I-III), Sia T -/- (IV-VI) and GalNAc T -/- (VII-IX) Schwann cells were trypsinised from 
parent cultures, and re-plated low density on wells coated with PLL (I, IV & VII) , laminin (II, V & 
VIII) or collagen (III, VI & IX) as described in the Methods section.  Cells were left to attach 
overnight in 10%HF.  This was replaced by growth factor- and serum free medium, DMEM-BS, and 
phase contrast images were taken 48 hours later.  In each image, a cell was chosen as an 
example and arrows were used to show where its processes end.  The round cells in III are cells 
which had detached from the substrate.  Scale bar = 100 µm. 
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Figure 3.17. Morphology of wild-type and ganglioside knockout Schwann cells grown in 
10%HF.  Wild-type (I-III), Sia T -/- (IV-VI) and GalNAc T -/- (VII-IX) Schwann cells were 
trypsinised from parent cultures, and re-plated at low density on wells coated with PLL (I, IV & 
VII) , laminin (II, V & VIII) or collagen (III, VI & IX) as described in the Methods section.  Cells 
were maintained in 10%HF.  Phase contrast images were taken 48 hours after plating.  In each 
image, a cell was chosen as an example and arrows were used to show where its processes end.  
Scale bar = 100 µm. 
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Figure 3.18.  Antigen profile for wild-type, Sia T -/- and GalNAc T -/- OECs. 
Purified OECs from 7-day old wild-type, Sia T -/- and GalNAc T -/- mice were labelled with 
typical OEC markers p75
NTR, nestin and GFAP.  The antigen profile was similar in all three 
genotypes.  Nuclei are labelled with DAPI (blue).  Scale bar = 20 µm.   
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Figure 3.19. Antigen profile for wild-type, Sia T -/- and GalNAc T -/- Schwann cells. 
Purified Schwann cells from 7 day old wild-type, Sia T -/- and GalNAc T -/- mice were labelled 
with typical Schwann cell markers p75
NTR, nestin and GFAP.  The antigen profile was similar in all 
three genotypes.  Nuclei are labelled with DAPI (blue).  Scale bar = 20 µm.   
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3.2.5  Proliferation of wild-type and ganglioside knockout cells 
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Figure 3.20. Proliferation of OECs derived from wild-type and ganglioside knockout mice.  
A comparison was made of the proliferation of OECs purified from 7 day old wild-type, Sia T -/- 
and GalNAc T -/- mice grown in serum- and growth factor-free medium, DMEM-BS (A) or 
OMM+5%FBS (B) on PLL, laminin and collagen.  OECs cultured from wild-type and ganglioside 
knockout mice have similar proliferation rates on all three substrates when grown in DMEM-BS.  
OECs proliferation was significantly higher in medium containing growth factors.  OECs derived 
from ganglioside knockout mice grown on PLL and laminin in OMM+5%FBS had similar 
proliferation rates to OECs derived from wild-type mice.  Sia T -/- OECs grown in OMM+5%FBS on 
collagen had increased proliferation compared with WT cells (p < 0.05).  Each point represents 
the mean ± SEM (n=3). Sia T -/- OECs proliferate better on laminin compared with PLL (p < 0.01, 
pink *).  Sia T -/- OEC grown on collagen have a higher proliferation rate that wild-type and 
GalNAc T -/- OECs (p < 0.05, blue *).  
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Figure 3.21.  Proliferation of wild-type and ganglioside knockout Schwann cells. 
A comparison was made of the proliferation of Schwann cells purified from 7 day old wild-type, 
Sia T -/- and GalNAc T -/- mice grown in serum- and growth factor-free medium, DMEM-BS (A) or 
10%HF (B) on PLL, laminin and collagen.  The proliferation of Schwann cells was significantly 
higher in medium containing growth factors.  Schwann cells obtained from ganglioside knockout 
mice had similar proliferation rates in both DMEM-BS and 10%HF on all three substrates.  Each 
point represents the mean ± SEM (n=3).   
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3.2.6  Motility of wild-type and ganglioside knockout cells 
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Figure 3.22. Motility of wild-type and ganglioside knockout OECs. 
The motility of OECs isolated from wild-type and ganglioside knockout mice was compared in 
medium containing no growth factors, DMEM-BS (A) and in optimal growth media, OMM+5%FBS (B) 
on PLL, laminin and collagen.  Wild-type and ganglioside knockout OECs have similar migration 
profiles, with all cells migrating faster on laminin.  The presence of growth factors in the culture 
medium did not affect the motility of OECs.  Each point represents the mean ± SEM (n=3).   
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Figure 3.23. Motility of wild-type and ganglioside knockout Schwann cells. 
The motility of Schwann cells from wild-type and ganglioside knockout mice was compared in 
medium containing no growth factors, DMEM-BS (A) and in optimal growth media, 10%HF (B) on 
PLL, laminin and collagen.  Wild-type and ganglioside knockout Schwann cells have similar 
migration profiles, with all cells migrating faster on laminin.  Schwann cell motility was similar in 
the presence and absence of growth factors.  Each point represents the mean ± SEM (n=3).   
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Figure 3.24. Motility of wild-type OECs and Schwann cells in a wound assay. 
The motility of OECs (A) and Schwann cells (B) isolated from wild-type mice was compared in 
medium containing no growth factors (DMEM-BS) and in optimal growth media (OMM+5%FBS for 
OECs and 10%HF for Schwann cells) on PLL, laminin and collagen.  A scratch was made using a 
pipette tip on a layer of confluent cells thus creating a gap between two confluent cell layers.  
The cells were washed with PBS to remove any cell debris and the two cell fronts growing 
towards each other were filmed using time-lapse microscopy over a period of 24 hours. The 
distance travelled between the two cell fronts was measured over time.  The motility of OECs 
and Schwann cells was similar in medium with and without growth factors.  Each point 
represents the mean ± SEM (n=3). 
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Figure 3.25. Representative images of wild-type OEC and Schwann cell motility in a wound 
assay. 
The motility of OECs (A) and Schwann cells (B) from wild-type mice was compared in medium 
containing no growth factors, DMEM-BS, and in optimal growth media (OMM+5%FBS for OEC; 
10%HF for Schwann cells) on PLL (I-IV), laminin (V-VIII) and collagen (IX-XI).  A scratch was made 
using a pipette tip on a layer of confluent cells thus creating a gap between two confluent cell 
layers.  The cells were washed with PBS to remove any cell debris and the two cell fronts 
growing towards each other were filmed using time-lapse microscopy over a period of 24 hours. 
The distance travelled between the two cell fronts was measured over time.  Scale bar = 100 
µm. 
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Figure 3.26. Motility of wild-type and Sia T -/- OECs and Schwann cells in a wound assay. 
Confluent OECs (A) and Schwann cells (B) from wild-type and Sia T -/- mice, grown on PLL, 
laminin or collagen were used in the wound assays to compare their migration rates.  A scratch 
was made using a pipette tip on a layer of confluent cells thus creating a gap between two 
confluent cell layers.  The cells were washed with PBS to remove any cell debris and the two cell 
fronts growing towards each other were filmed using time-lapse microscopy over a period of 24 
hours. The rate of change of distance between the two cell fronts was measured over time.  Sia 
T -/- Schwann cells had significantly higher motility compared with wild-type cells on laminin (p 
< 0.05) and collagen (p < 0.05).  Each point represents the mean ± SEM (n=3).   
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Figure 3.27. Representative images of wild-type and Sia T -/- OEC and Schwann cell motility 
in a wound assay. 
The motillity of OECs (A) and Schwann cells (B) from wild-type and Sia T -/- mice was compared 
in optimal growth media (OMM+5%FBS for OEC; 10%HF for Schwann cells) on PLL (I-IV), laminin 
(V-VIII) and collagen (IX-XI) using a wound assay described in the Methods section.  Scale bar = 
100 µm. 
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3.3  Discussion 
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4  CHAPTER 4 
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Figure 4.1. The olfactory system of the mouse. 
Parasagittal sections of decalcified, paraffin-embedded olfactory system tissue were stained 
with haematoxylin and eosin (H & E).  This enabled visualisation of the olfactory bulb in the CNS 
and olfactory mucosa in the PNS as well as the olfactory nerve connecting the two (I).  The parts 
of the olfactory system imaged in Figures 4.2 to 4.8 are shown in II to IV: glomeruli (II), olfactory 
nerve (III) and the olfactory mucosa (IV), which contains the olfactory epithelium and the lamina 
propria.   
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Table 4.1. Ganglioside expression in the olfactory system. 
Unfixed, frozen olfactory system sections from 6 week old wild-type, Sia T -/- and GalNAc T -/- mice were labelled with antibodies which bind to gangliosides and 
FITC-labelled cholera toxin which binds to ganglioside GM1.  Anti-ganglioside reactivities: optical density >0.1 ≤0.5 (+); >0.5 ≤1.0 (++); >1.0 ≤1.5 (+++); >1.5 (++++).  
Note, the intensity of CTx labelling was higher in Sia T -/- mice. 
     151 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2. CTx labelling of the olfactory system. 
Olfactory system tissue from 6 week old wild-type (I, IV and V), Sia T -/- (II) and GalNAc T -/- 
(III) mice was labelled with CTx, which binds to a-series ganglioside GM1.  CTx labelled the 
majority of cells in the glomeruli, olfactory nerve and olfactory mucosa of wild-type and Sia T -
/- mice but not GalNAc T -/- tissue.  Refer to Figure 4.1 for orientation.  Scale bar = 100 µm. 
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Figure 4.3. CGM3 labelling of the olfactory system. 
Olfactory system tissue from 6 week old wild-type (I, IV to VI), Sia T -/- (II) and GalNAc T -/- (III) 
mice was labelled with CGM-3, which binds to a-series ganglioside GT1a, b-series gangliosides 
GD3 and GQ1b and sulphatide.  CGM3 labelled the majority of cells in the glomeruli of wild-type 
mice (I), few cells in the glomeruli of Sia T -/- (II) and GalNAc T -/- (III) mice and olfactory nerve 
(IV) and lamina propria (V and VI) of wild-type mice.  Refer to Figure 4.1 for orientation.  Scale 
bar = 50 µm. 
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Figure 4.4. EG2 labelling of the olfactory system 
Olfactory system tissue from 6 week old wild-type (I, IV and V), Sia T -/- (II) and GalNAc T -/- 
(III) mice was labelled with EG2, which binds to a-series ganglioside GT1a, and b-series 
gangliosides GD1b, GT1b and GQ1b.  EG2 labelled the majority of cells in the glomeruli (I) and 
lamina propria (IV and V) of wild-type mice, but did not label Sia T -/- (II) or GalNAc T -/- (III) 
tissue.  Refer to Figure 4.1 for orientation.  Scale bar = 50 µm. 
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Figure 4.5. EG3 labelling of the olfactory system. 
Olfactory system tissue from 6 week old wild-type (I, IV and V), Sia T -/- (II) and GalNAc T -/- 
(III) mice was labelled with EG3, which binds to a-series ganglioside GT1a, and b-series 
ganglioside GQ1b.  EG3 labelled the majority of cells in the glomeruli of wild-type mice (I), but 
did not label Sia T -/- (II) or GalNAc T -/- (III) tissue.  While EG3 rarely labelled cells in the 
lamina propria underlying the OE (IV), it labelled the majority of cells in the lamina propria 
associated with respiratory epithelium (V).  Refer to Figure 4.1 for orientation.  Scale bar = 50 
µm. 
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Figure 4.6. MOG1 labelling of the olfactory system. 
Olfactory system tissue from 6 week old wild-type (I, IV to VI), Sia T -/- (II) and GalNAc T -/- (III) 
mice was labelled with MOG1, which binds to b-series ganglioside GD1b.  GD1b was found in the 
glomeruli (I), olfactory nerve (IV), OE (V) and lamina propria associated with both OE (V) and 
respiratory epithelium (VI) of wild-type mice.  MOG1 did not label Sia T -/- (II) and GalNAc T -/- 
(III) tissue.  Refer to Figure 4.1 for orientation.  Scale bar = 50 µm.   
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Figure 4.7. MOG30 labelling of the olfactory system. 
Olfactory system tissue from 6 week old wild-type (I, IV to VI), Sia T -/- (II) and GalNAc T -/- (III) 
mice was labelled with MOG30, which binds to b-series ganglioside GQ1b.  GQ1b was found in the 
glomeruli (I) of wild-type mice.  Olfactory nerve (IV), and olfactory mucosa of wild-type mice 
were negative for MOG30.  MOG30 did not label Sia T -/- (II) and GalNAc T -/- (III) tissue.  Refer 
to Figure 4.1 for orientation.  Scale bar = 50 µm.   
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Figure 4.8. MOG35 labelling of the olfactory system.  
Olfactory system tissue from 6 week old wild-type (I, IV & V), Sia T -/- (II) and GalNAc T -/- (III) 
mice was labelled with MOG35, which binds to a-series ganglioside GD1a.  However, all sections 
were negative for GD1a.  Refer to Figure 4.1 for orientation.  Scale bar = 50 µm.   
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4.2.2  Comparison of olfactory epithelial width 
                                                                             
                                                                                 
                                                                           
                                                                              
                                                                                 
                                                                           
                                                                                 
                                                                                  
                                                                           
                                                                               
                                                                            
                                                                               
                           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9. Comparison of epithelial width. 
Frozen sections of the olfactory system were cut and stained with H & E and the width of the epithelium was measured using ImageJ.  A: Representative images show 
the control olfactory epithelium from wild-type (I), Sia T -/- (II), GalNAc T -/- (III) and double knockout (IV) mice.  B: Bar chart of the control epithelial widths from 
wild-type, Sia T -/-, GalNAc T -/- and DKO mice.  OE = olfactory epithelim.  LP = lamina propria.  Scale bar = 50 µm.    
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4.2.3  Preliminary studies of nasal ZnSO4 irrigation 
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Figure 4.10. The effect of different ZnSO4 volumes and concentrations on OE width.   
Representative H & E images showing the effects of using 20, 50 or 100 µl of 0.5 % ZnSO4 (I to III, 
respectively), 20, 50 or 100 µl of 5% ZnSO4 (IV to VI, respectively) and 20 µl of 10% ZnSO4 (VII).  
Preliminary experiments were performed to determine the optimal ZnSO4 volume and 
concentration to use in subsequent experiments.  Various concentrations and volumes of ZnSO4 
were administered to the left nasal cavity of 6 week old wild type mice.  The following day, the 
mice were sacrificed, perfused with 4% paraformaldehyde and the OE dissected.  Sections of the 
OE were labelled with H & E to assess the extent of OE damage caused by different 
concentrations and volumes of ZnSO4.  The aim was to destroy all cells of the OE except the 
bottom layer of cells (the globose and horizontal basal cells).  20, 50 or 100 µl of 0.5% ZnSO4 or 
20 and 50 µl of 5% ZnSO4 were not sufficient to destroy all cells in the OE leaving only the bottom 
layer of cells, whereas 100 µl of 5% ZnSO4 destroyed all the cells, including the basal cell layer.  
20 µl of 10% ZnSO4 was sufficient to destroy all cells except for the basal cells (VII).  Scale bar = 
50 µm. 
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4.2.4  Gross morphological changes of the olfactory epithelium 
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Figure 4.11. The gross morphological changes in the olfactory epithelium.  
The effects of nasal irrigation to the olfactory system were initially investigated by studying the changes to the olfactory epithelium in paraffin embedded tissue from 
wild-type (I, V and IX), Sia T -/- (II, VI and X), GalNAc T -/- (III, VII and XI) and double knockout (IV and VIII) tissue stained by H & E.  An example of untreated olfactory 
epithelium from a wild-type mouse is shown in XII for comparison.  After 1 day (I to IV), most of the cells of the epithelium had gone from the underlying basal lamina, 
leaving very few cells attached.  At this time the nasal cavity was seen to contain a lot of cellular debris.  By the 7
th day (V to VIII), the epithelium already appeared to 
increase in width.  However, 9 weeks after treatment (IX to XI) the olfactory epithelium had not regained its organised appearance (compare with control sections in 
Figure 4.9).  Scale bar = 50 µm. 
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Figure 4.12. The change in epithelial width in 6 week old wild-type and ganglioside knockout 
mice. 
The width of the OE was measured from the basement membrane to the lumen and was found to 
have dramatically decreased following ZnSO4 treatment, from around 45 µm in untreated tissue 
to around 10 µm one day after ZnSO4 irrigation.  OE widths were measured from the treated (A) 
and untreated (B) side of the olfactory system.  However, the untreated side could not be used 
as an internal control since occasionally the untreated side also became damaged.  Each point 
represents the mean ± SEM (n=3). 
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Figure 4.13. The change in epithelial width in 6 month old wild-type and ganglioside 
knockout mice. 
The width of the OE was measured from the basement membrane to the lumen and was found to 
have dramatically decreased following ZnSO4 treatment, from around 45 µm in untreated tissue 
to around 10 µm one day after ZnSO4 irrigation.  OE widths were measured from the treated (A) 
and untreated (B) side of the olfactory system.  However, the untreated side could not be used 
as an internal control since occasionally the untreated side also became damaged.  Each point 
represents the mean ± SEM (n=3). 
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4.2.5  Proliferation within the olfactory epithelium 
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Figure 4.14.  PCNA labelling in the OE of wild-type and ganglioside knockout mice. 
In order to detect proliferating cells, sections of the olfactory mucosa were labelled with an 
antibody against PCNA.  Representative images from 6 week old wild-type (I-V), Sia T -/- (VI-X) 
and DKO (XI-XIII) mice are shown.  In untreated tissue of all the genotypes examined, PCNA-
positive cells were seen as a narrow band along the base of the epithelium.  Four days after 
ZnSO4 irrigation, many of the cells across the regenerating epithelium were immunoreactive for 
PCNA and by week 9, the PCNA immunoreactivity was again confined to the base of the 
epithelium.  The blue line shows the width of the olfactory epithelium. Scale bar = 20 µm 
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Figure 4.15.  Comparison of PCNA positive cells in the OE of wild-type and ganglioside knockout mice. 
To examine the role of gangliosides in the proliferation of basal cells of the olfactory epithelium following ZnSO4 treatment, sections of the olfactory 
mucosa were labelled with an antibody against PCNA that detects proliferating cells.  The number of cells expressing PCNA within the OE was 
quantified per mm.  Each point represents the mean ± SEM (n=3).  The number of proliferating cells in control, untreated olfactory epithelium was 
similar in all four genotypes examined.  Following nasal irrigation, there was a decrease, followed by an increase in the number of proliferating cells in 
wild-type, Sia T -/-, GalNAc T -/- and DKO mice.  By week 9, the number of PCNA positive cells was again decreased.  DKO tissue had a greater number 
of proliferating cells 7 days following ZnSO4 treatment compared to wild-type and the single knockouts (* p < 0.05). 
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4.2.6  Degeneration and regeneration of olfactory axons 
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Figure 4.16.  SMI 31 labelling of 6 week old olfactory tissue. 
To examine the role of gangliosides in neurite extension of olfactory receptor neurons during 
regeneration of the olfactory system, tissue from 6 week old wild-type mice was labelled with 
SMI 31, an antibody that recognises phosphorylated neurofilament (I-XII).  In control tissue (I & 
VII), axons of the olfactory receptor neurons were strongly labelled with SMI 31, however 
following ZnSO4 treatment there was an immediate loss of SMI 31 immunoreactivity (II & VIII).  
This was accompanied by a loss of structural integrity of the projection from the olfactory 
epithelium (VIII).  SMI 31 staining began to reappear after 3 weeks, along with the return of 
structure of the nerve (V, XI).  Representative images are shown of olfactory nerve (A) and 
olfactory mucosa (B) from 6 week old wild-type mice, however a similar pattern was observed in 
6 week old Sia T -/- and GalNAc T -/- mice.  The blue lines delineate the OE, showing its width.  
Scale bar = 50 µm. 
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Figure 4.17. Quantitation of SMI 31 labelling during degeneration and regeneration of ORNs in the olfactory nerve in 6 week old mice.  
To examine the role of gangliosides in neurite extension during olfactory receptor neuron regeneration following ZnSO4 treatment, sections of the olfactory system 
were labelled with SMI 31, an antibody that recognises phosphorylated neurofilament.  The loss of axons was quantified by measuring optical density of the SMI 31 
staining in the olfactory nerve of wild-type, Sia T -/-, GalNAc T -/- and DKO mice.  Each point represents the mean ± SEM (n=3).  One day after ZnSO4 irrigation the 
intensity of staining was completely diminished.  The intensity of SMI 31 labelling began to increase after 7 days and continued to increase.  It can be seen that 3 and 9 
weeks after treatment the intensity of labelling had reached control levels in some sections, however as can be seen from the error bars the labelling was extremely 
variable.  A similar pattern was observed in all four genotypes tested.     172 
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Figure 4.18. The degeneration and regeneration of ORNs in 6 week old mice. 
To examine the role of gangliosides in neurite extension during the regeneration of the olfactory 
system after ZnSO4 treatment, sections were labelled with an anti-OMP antibody that specifically 
recognises olfactory receptor neurons.  The representative images show glomeruli (I, IV, VII, X & 
XIII), olfactory nerve (II, V, VIII, XI, XIV) and olfactory mucosa (III, VI, IX, XII & XV) from 6 week 
old wild-type mice, labelled with anti-OMP (green) and DAPI (blue) to show the cell nuclei.  In 
untreated tissue, ORNs were strongly labelled with anti-OMP (not shown) and this labelling 
remained until 4 days following ZnSO4 treatment (IV-VI).  7 days following ZnSO4 treatment, the 
OMP labelling had diminished (VII-IX).  9 weeks after ZnSO4 treatment, the OMP labelling 
reappeared in some sections (XIII-XV).  Scale bar = 50 µm. 
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Figure 4.20. Synaptophysin labelling in the glomeruli of 6 week old mice. 
To examine the role of gangliosides in synapse formation during olfactory system regeneration, 
immunohistochemistry was carried out with an antibody against synaptophysin.  Representative 
images from wild-type (I-V) and Sia T -/- (VI-X) mice, 1 day (II & VII), 4 days(III & VIII), 3 weeks 
(IV & IX) and 9 weeks (V & X) after ZnSO4 treatment are shown. In control, untreated tissue (I & 
VI), the glomeruli of the olfactory bulb were seen as circular, densely-labelled structures.  Three 
weeks after ZnSO4 treatment (IV & IX) their distinctive round appearance was no longer evident 
and the synaptophysin labelling was less intense.  The synaptophysin labelling continued to 
decrease and was not regained 9 weeks after the initial damage (V & X).  Scale bar = 200 µm 
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Figure 4.21. The degeneration of synapses in 6 week old wild-type and ganglioside knockout mice. 
To examine the role of gangliosides in synapse formation during olfactory system regeneration following nasal irrigation with ZnSO4, olfactory bulb 
sections from 6 week old wild-type, Sia T -/-, GalNAc T -/- and DKO were labelled with an antibody to the synaptic vesicle membrane protein 
synaptophysin.  Optical density measurements were taken to quantify the loss of intensity of synaptophysin labelling in glomeruli of wild-type, Sia T -/-
, GalNAc T -/- and DKO mice.  Each point represents the mean ± SEM (n=3).  The loss in synaptophysin immunoreactivity was not evident until 7 days 
following ZnSO4 treatment and continued until the last time point examined (week 9).   
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4.2.8  The astrocytic response  
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Figure 4.22. The astrocytic response to nasal irrigation in wild-type and ganglioside knockout 
mice. The astrocytic response to damage caused by ZnSO4 was assessed with double 
immunohistochemistry using anti-GFAP (brown) and anti-PCNA (black).  Representative images 
show wild-type (I-V) and Sia T -/- (VI-X) tissue from 6 week old mice labelled with anti-GFAP and 
anti-PCNA 1 day (II and VII), 4 days (III and VIII), 3 weeks (IV and IX) and 9 weeks (V and X) 
following ZnSO4  treatment.  In control, untreated tissue (I and VI), GFAP positive astrocytes 
could be seen in the glomerular layer, although none double labelled with PCNA.  There was an 
increased expression of GFAP following ZnSO4 treatment and the GFAP-positive cells were double 
labelled with PCNA.  This astrocytosis persisted up to 3 weeks after ZnSO4 treatment.  After 9 
weeks the majority of astrocytes had stopped proliferating and the expression of GFAP was 
similar to that seen in the untreated tissue.  Scale bar = 20 µm. 
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4.3.5  Proliferation within the olfactory epithelium 
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5  CHAPTER 5 
The effect of gangliosides on oligodendrocyte 
differentiation and axonal-glial interactions in vitro     190 
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Figure 5.1. OPCs isolated from Sia T -/- mice did not express A2B5 but were able to 
differentiate into O4 expressing oligodendrocytes.   
(A) Early OPCs isolated from wild-type P7 mice expressed the marker, A2B5.  OPCs grown in 
DMEM-BS with no added growth factors differentiated into oligodendrocytes, whereas those 
grown in 10% FBS differentiated into type-2 astrocytes.  (B) Early OPCs isolated from P7 Sia T -/- 
mice, labelled with NG2 (I), were negative for A2B5, however, their differentiation into O4-
expressing oligodendrocytes (II-IV) or type-2 astrocytes (V) was unaffected.  Scale bars = 50 µm 
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Figure 5.2. Cell composition of dissociated spinal cord cultures at 7 DIV.   
Spinal cord cultures from wild-type E13.5 mice were labelled with various markers to elucidate 
their cellular composition.  Astrocytes (GFAP, red), neurons (SMI 31, red) and OPCs (NG2, green) 
were the main cells present in these cultures. There was also a small number of microglia (BS 
lectin, green).  Cell nuclei were labelled with DAPI (blue).  Scale bars = 50 µm. 
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Figure 5.3. Antigenic profile of oligodendrocytes in differentiation and neurobasal media. 
Wild-type and Sia T -/- dissociated spinal cord cultures were grown in either differentiation or 
neurobasal media, and were stained with markers of the oligodendrocyte lineage at 21 (A) and 
28 DIV (B): NG2, O4 and MBP.  The graphs represent the percentage of total cells positive for 
NG2, NG2/O4, O4, O4/MBP and MBP in spinal cord cultures grown in either differentiation or 
neurobasal B27 medium.  There was no significant difference in the proportion of cells 
expressing antigens recognised by these antibodies alone or in combination between the two 
culture media.  Diff = differentiation medium, NB = neurobasal medium with B27 supplement.  
Each point represents the average ± SEM (n=3).     198 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4. Wild-type spinal cord culture at 28 DIV in differentiation and neurobasal media. 
Representative image of wild-type spinal cord culture at 28 DIV grown in differentiation (A) and 
neurobasal (B) media and immunolabelled with NG2 (green, II), O4 (red, III) and MBP (blue, IV).  
The merged image is shown in I, while II to IV show the individual markers.  Examples of 
following can be seen in these images: NG2+ early OPCs (white arrow), NG2+/O4+ late OPCs 
(white arrowhead), O4+ oligodendrocytes (yellow arrow), and O4+/MBP+ pre-myelinating 
oligodendrocytes (yellow arrowhead).  Note that in cultures maintained in differentiation 
medium, NG2+ cells are branched with primary and secondary processes and O4+ cells have a 
dense network of primary, secondary and tertiary processes.  Also, the O4+/MBP+ staining 
resembles myelin formed following contact with axons and there is a break in the MBP staining 
resembling a node of Ranvier (pink arrow).  In cultures maintained in neurobasal medium, the 
processes of NG2+ and O4+ cells appear to be shorter compared with those seen in 
differentiation medium.  Also, some O4+/MBP+ labelling resembles myelin membranes formed by 
oligodendrocytes which have failed to contact an axon.  Scale bar = 50 µm.  
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Figure 5.5. Axonal density and PLP labelling in spinal cord cultures grown in either 
“differentiation” or “neurobasal” media.   
Spinal cord cultures isolated from wild-type and Sia T -/- mice and maintained in either 
differentiation or neurobasal media were labelled with an axonal marker, SMI 31, and PLP 
expression was revealed by staining for AA3.  Axonal survival was gauged by measuring axonal 
density (A) and was found to be similar in both media.  In addition, the percentage of axonal 
area covered by myelin (B) was not significantly different between cultures maintained in 
differentiation or neurobasal media.  Each point represents the average ± SEM (n=3). 
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5.2.4  Ganglioside expression of dissociated spinal cord 
cultures. 
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Figure 5.6. Ganglioside expression of dissociated spinal cord cultures from wild-type, Sia T -
/- and GalNAc T -/- mice. 
Dissociated spinal cord cultures from wild-type, GD3 S -/- and GalNAc T -/- mice were stained 
with CTx and antibodies A2B5, R24 and MOG35 at 21 DIV.  Wild-type and GalNAc T -/- cultures 
were positive for A2B5, which binds c-series gangliosides GT3 and O-acetyl GT3, whereas Sia T -
/- cultures lack all c-series gangliosides and therefore do not label with this antibody.  Wild-type 
and GalNAc T -/- cultures express R24, although the staining in GalNAc T -/- is stronger and more 
prevalent, suggesting an upregulation of b-series ganglioside GD3 which is labelled with R24.  Sia 
T -/- mice lack all b-series gangliosides and therefore do not label with R24.  Wild-type and Sia T 
-/- cultures label with CTx and MOG35 which label a-series gangliosides GM1 and GD1a, 
respectively.  GalNAc T -/- lack all a-series gangliosides and therefore do not label with these 
two markers.  Nuclei were labelled with DAPI (blue).  Scale bar = 50 µm.   
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Figure 5.7. A2B5 co-localised with SMI 31, TUJ1, GFAP and NG2 in wild-type cultures at 21 
DIV. 
Wild-type spinal cord cultures were double labelled with A2B5 and one of the following markers 
after 21 DIV: SMI 31 (A), TUJ1 (B), GFAP (C) and NG2 (D).  The co-localisation of A2B5 with SMI 31 
and TUJ1 in spinal cord cultures indicated that spinal cord neurons express gangliosides GT3 
and/or O-acetyl GT3, both of which are A2B5 antigens.  A2B5 staining co-localised with NG2 
which indicated that OPCs express GT3 and/or O-acetyl GT3.  The majority of GFAP positive 
astrocytes within spinal cord cultures were A2B5 negative (arrow), suggesting they are type-1 
astrocytes.  However, a subset of GFAP positive astrocytes was also labelled with A2B5 
suggesting they are type-2 astrocytes.  Nuclei were labelled with DAPI (blue).  Scale bar = 50 µm. 
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Figure 5.8.  R24 expression in wild-type and GalNAc T -/- cultures at 21 DIV. 
Wild-type (A, C, E, G and I) and GalNAc T -/- (B, D, F, H and J) spinal cord cultures were double 
labelled with R24 and one of the following markers after 21 DIV: SMI 31 (A and B), TUJ1 (C and 
D), NG2 (E and F), O4 (G and H) and GFAP (I and J).  Wild-type neurites were negative for both 
SMI 31 and TUJ1, whereas GalNAc T -/- neurites expressed the simple ganglioside GD3 as 
indicated by the co-localisation of R24 with SMI 31 (dashed box in B) and TUJ1.  However, not all 
SMI 31 positive axons expressed GD3 (white arrow in B).  The co-localisation of R24 with NG2 in 
these cultures indicated that OPCs express gangliosides recognised by this antibody.  O4 positive 
oligodendrocytes in the early stages of oligodendrocyte lineage expressed R24 (G and H i), while 
those with an extensive network of processes that appeared to be in the later stages of 
differentiation were R24 negative (pink arrow in G and H ii).  While a subset of GFAP-positive 
astrocytes within wild-type spinal cord cultures were R24 immunoreactive (*), the majority were 
R24 negative (yellow arrow). All of the GFAP positive astrocytes within GalNAc T -/- cultures 
were R24 negative, suggesting these are type-1 astrocytes.  Nuclei were labelled with DAPI 
(blue).  Scale bar = 50 µm. 
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Figure 5.9. A2B5 and R24 were not expressed by myelinating oligodendrocytes at 28 DIV. 
Wild-type spinal cord cultures were triple labelled with AA3, SMI 31 and either A2B5 (A) or R24 
(B) after 28 days in culture.  A2B5 and R24 did not co-localise with AA3 suggesting that 
myelinating oligodendrocytes did not express simple gangliosides GT3, O-acetyl GT3 or GD3.  
Scale bar = 50 µm. 
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Figure 5.10. CTx co-localises with SMI 31 in wild-type cultures at 21 DIV. 
Wild-type spinal cord cultures were double labelled with CTx, which specifically binds 
ganglioside GM1, and one of the following markers after 21 DIV: SMI 31 (A), O4 (B) and GFAP (C).  
The co-localisation of CTx with SMI 31 in these cultures indicated that phosphorylated 
neurofilament expresses GM1.  All of the GFAP positive astrocytes and O4 positive 
oligodendrocytes within these cultures were CTx negative at 21 DIV.  Nuclei were labelled with 
DAPI (blue).  Scale bar = 50 µm. 
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Figure 5.11. CTx co-localised with SMI 31, AA3 and O4 in wild-type cultures at 28 DIV. 
Wild-type spinal cord cultures were double labelled with CTx and the following markers after 28 
DIV: SMI 31 and AA3 (A and B) or O4 (C).  CTx expression changed between 21 and 28 DIV in that 
O4 positive oligodendrocytes which were in the late stage of differentiation became CTx positive 
whereas fewer SMI 31 positive axons showed CTx-immuoreactivity.  (*) shows an SMI 31 positive 
axon which was negative for CTx.  Also, at 28 DIV CTx was co-localised with AA3, which 
recognises myelin (box).  However, in some instances CTx labelling was not observed throughout 
the myelin, but rather in the paranodal region (arrow).  Nuclei were labelled with DAPI (blue).  
Scale bar = 10 µm.    
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Figure 5.12. MOG35 co-localised with SMI 31 in wild-type cultures at 21 DIV. 
Wild-type spinal cord cultures were double labelled with MOG35 and one of the following 
markers after 21 DIV: SMI 31 (A), O4 (B) or GFAP (C).  Oligodendrocytes and astrocytes did not 
express GD1a since O4 and GFAP did not co-localise with MOG 35.  Some SMI 31 positive axons 
expressed GD1a, whereas others did not (arrow).  There were MOG35 positive cells which did not 
label with SMI 31, O4 or GFAP (D).  Nuclei were labelled with DAPI (blue).  Scale bar = 50 µm.   
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Figure 5.13. MOG35 co-localised with AA3 in wild-type cultures at 28 DIV. 
Wild-type spinal cord cultures were triple labelled with AA3, SMI 31 and MOG35 after 28 days in 
culture.  MOG35 co-localised with AA3 suggesting that myelinating oligodendrocytes expressed 
simple gangliosides GD1a.  Scale bar = 10 µm. 
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Table 5.1. Table showing ganglioside expression in dissociated spinal cord cultures. 
Summary of ganglioside expression of cells in dissociated spinal cord cultures.  Wild-type neurons expressed gangliosides recognised by A2B5, CTx and MOG35, Sia T -/- 
neurons expressed gangliosides recognised by CTx and MOG35, and GalNAc T -/- neurons expressed gangliosides recognised by A2B5 and R24.  Only a small number of 
wild-type astrocytes expressed gangliosides recognised by A2B5 and R24 (*), Sia T -/- astrocytes were negative for all markers studied, while  a small number of GalNAc 
T -/- labelled with A2B5 (*).  Wild-type and GalNAc T -/- OPCs were positive for A2B5 and R24, whereas Sia T -/- OPCs were negative for all markers studied.  A subset 
of wild-type and Sia T -/- O4 positive oligodendrocytes which appeared to be in a late stage of oligodendrocyte differentiation and AA3 positive oligodendrocytes 
labelled with CTx (▫).  AA3 positive oligodendrocytes in wild-type and Sia T -/- cultures also labelled with MOG35 (•).  A subset of O4 positive oligodendrocytes which 
appeared to be in an early stage of oligodendrocyte differentiation were also positive for R24 in wild-type and GalNAc T -/- cultures(~).  
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5.2.5  Comparison of oligodendrocyte differentiation 
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lineage, the differentiation of early OPCs into late OPCs, but has no affect on 
the later stages of oligodendrocytes differentiation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.14. Comparison of oligodendrocyte differentiation.  
Wild-type, Sia T -/- and GalNAc T -/- spinal cord were labelled with markers NG2, O4 and MBP at 
21 (A) and 28 DIV (B) to capture different stages of oligodendrocyte differentiation.  Cells which 
were only NG2 positive (NG2
+) correspond to early OPCs; cells which were both NG2 and O4 
positive (NG2
+O4
+) are late OPCs; cells which were only O4 positive (O4
+) are intermediate 
between the late OPC and the premyelinating oligodendrocyte stage; cells which were O4 and 
MBP positive (O4
+MBP
+) correspond to the premyelinating oligodendrocytes and cells which were 
only MBP positive (MBP
+) are the myelinating oligodendrocytes.  The table shows that there was 
no significant difference in the proportion of cells double labelled with NG2 and O4; O4 alone; 
O4 and MBP; and MBP alone in ganglioside knockout mice compared with wild-type.  However, 
GalNAc T -/- mice had a significantly lower proportion of cells labelled with NG2 alone which 
indicated that they have a lower proportion of early OPCs when the spinal cord was cultured in 
vitro.  (*) p < 0.001. 
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Figure 5.15. Wild-type spinal cord culture at 21 DIV in differentiation medium. 
Representative image of wild-type spinal cord cultures at 21 DIV grown in differentiation media, 
immunolabelled with NG2 (green, III), O4 (red, IV) and MBP (blue, V).  The merged image is 
shown in I, while III to V show the individual markers.  Nuclei were labelled with DAPI (white, II).  
Examples of following can be seen in this image: NG2+ early OPCs (white arrow), NG2+/O4+ late 
OPCs (white arrowhead), O4+ oligodendrocytes (yellow arrow), O4+/MBP+ pre-myelinating 
oligodendrocytes (yellow arrowhead), and MBP+ myelinating oligodendrocytes (orange arrow).  
Note that NG2+/O4+ and O4+ cells were multi processed.  Scale bar = 50 µm.  
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Figure 5.16. Sia T -/- spinal cord culture at 21 DIV in differentiation medium. 
Representative image of Sia T -/- spinal cord culture at 21 DIV grown in differentiation medium, 
immunolabelled with NG2 (green, III), O4 (red, IV) and MBP (blue, V).  The merged image is 
shown in I, while III to V show the individual markers.  Nuclei were labelled with DAPI (white, II).    
Examples of following can be seen in this image: NG2+ early OPCs (white arrow), NG2+/O4+ late 
OPCs (white arrowhead), O4+ oligodendrocytes (yellow arrow), and MBP+ myelinating 
oligodendrocytes (orange arrow).  Note that the NG2+/O4+ and O4+ cells had many branched 
processes.  Scale bar = 50 µm.  
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Figure 5.17. GalNAc T -/- spinal cord culture at 21 DIV in differentiation medium. 
Representative image of GalNAc T -/- spinal cord culture at 21 DIV grown in differentiation 
medium, immunolabelled with NG2 (green, III), O4 (red, IV) and MBP (blue, V).  The merged 
image is shown in I, while III to V show the individual markers.  Nuclei were labelled with DAPI 
(white, II).  Examples of following can be seen in this image: NG2+/O4+ late OPCs (white 
arrowhead), O4+ oligodendrocytes (yellow arrow), and MBP+ myelinating oligodendrocytes 
(orange arrow).  Scale bar = 50 µm. 
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5.2.6  Relationship between oligodendrocytes and axons 
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Figure 5.18. Relationship between oligodendrocytes and axons in wild-type cultures. 
Wild-type spinal cord cultures were co-labelled with O4 (green) and SMI 31 (red) after 7 and 14 
DIV as well as AA3 (green) and SMI 31 (red) after 21 and 28 days in culture to observe the 
relationship between oligodendrocytes and axons.  At 7 DIV, oligodendrocytes had very few 
processes and were located near axons.  By 14 DIV oligodendrocytes had developed extensive 
networks of processes and began to contact and ensheath the axons (arrows).  At 21 and 28 DIV 
it could be seen that oligodendrocytes were in close contact with the axons and were forming 
myelin.  In addition, at 28 DIV, the myelin sheaths appeared to be interrupted by nodes of 
Ranvier.  Scale bars = 50µm. 
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Figure 5.19. Relationship between oligodendrocytes and axons in Sia T -/- cultures. 
Sia T -/- spinal cord cultures were co-labelled with O4 (green) and SMI 31 (red) after 7 and 14 
DIV as well as AA3 (green) and SMI 31 (red) after 21 and 28 days in culture to observe the 
relationship between oligodendrocytes and axons.  Sia T -/- oligodendrocytes differentiated and 
began to myelinate axons in a similar manner to that described for wild-type cultures (Figure 
5.18).  Scale bars = 50µm. 
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Figure 5.20. Relationship between oligodendrocytes and axons in GalNAc T -/- cultures. 
GalNAc T -/- spinal cord cultures were co-labelled with O4 (green) and SMI 31 (red) after 7 and 
14 DIV as well as AA3 (green) and SMI 31 (red) after 21 and 28 days in culture to observe the 
relationship between oligodendrocytes and axons.  GalNAc T -/- oligodendrocytes differentiated 
and began to myelinate axons in a similar manner to that described for wild-type cultures 
(Figure 5.18).  Scale bars = 50µm. 
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5.2.7  Comparison of axonal density and PLP staining 
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Figure 5.21.  Axonal density and PLP labelling in wild-type, Sia T -/- and GalNAc T -/- spinal 
cord cultures. 
Axonal density (A) and PLP labelling (B) of wild-type, Sia T -/- and GalNAc T -/- spinal cord 
cultures maintained in differentiation medium at 21 and 28 days in culture.  Spinal cord cultures 
from wild-type and ganglioside knockout mice were labelled with SMI 31 to detect axons and AA3 
to detect PLP expression at 21 and 28 DIV.  The percentage axons within a given area and the 
percentage area of axons labelled with AA3 was measured as described in the Methods section.  
At 21 DIV, Sia T -/- cultures showed increased axonal density compared with wild-type and 
GalNAc T -/- cultures (blue *; p = 0.029), however, by 28 DIV the axonal density was similar in all 
cultures.  At 21 DIV, PLP labelling was significantly lower in GalNAc T -/- cultures (green *; p = 
0.045), however, at 28 DIV the percentage of myelinated axons was similar in all three 
genotypes.  
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5.2.8  Localisation of proteins at the node of Ranvier 
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5.2.9  Comparison of astrocyte morphology 
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Figure 5.22. Sodium channel clustering at nodes of Ranvier at 28 DIV. 
Wild-type (panel A), Sia T -/- (panel B) and GalNAc T -/- (panel C) spinal cord cultures were 
labelled with AA3 (red), which recognises compact myelin, and an antibody against voltage 
dependent sodium channels (Nav; green).  In unmyelinated fibres Nav staining was observed 
throughout the axonal membrane (white arrowheads).  In myelinated fibres in wild-type and Sia 
T -/- cultures, Nav clustering is displayed at nodes of Ranvier (white arrows).  Although GalNAc T 
-/- cultures displayed Nav clustering at node of Ranvier (Figures 5.25 and 5.26), it was also 
observed that some myelinated fibres in GalNAc T -/- cultures showed Nav immunoreactivity 
throughout the axonal membrane (pink arrowheads) as well as at the node of Ranvier.  However, 
the occurrence of the latter was not quantified.  Scale bar = 20 µm. 
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Figure 5.23. The paranodal localisation of Caspr 
Wild-type (panel A), Sia T -/- (panel B) and GalNAc T -/- (panel C) spinal cord cultures were 
labelled with AA3 (red), which recognises compact myelin, Nav (blue) to show the node of 
Ranvier and Caspr (green) at 28 DIV.  It was observed that Caspr was localised at the paranodes 
of myelinated fibres in all three genotypes (white arrows).  Scale bar = 20 µm. 
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Figure 5.24. The paranodal localisation of neurofascin 155 
Wild-type (panel A), Sia T -/- (panel B) and GalNAc T -/- (panel C) spinal cord cultures were 
labelled with AA3 (red), which recognises compact myelin, Nav (blue) to show the node of 
Ranvier and neurofascin 155 (green) at 28 DIV.  It was observed that neurofascin was localised at 
the paranodes of myelinated fibres in all three genotypes (white arrows).  Scale bar = 20 µm. 
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Figure 5.25. The paranodal and juxtaparanodal localisation of Kv1.2 
Wild-type (panel A), Sia T -/- (panel B) and GalNAc T -/- (panel C and D) spinal cord cultures 
were labelled with AA3 (red), which recognises compact myelin, Nav (blue) to show the node of 
Ranvier and Kv1.2 (green) at 28 DIV.  In wild-type and Sia T -/- cultures, Kv1.2 was seen in the 
paranodal and juxtaparanodal area, however, in GalNAc T -/- cultures, the localisation of Kv1.2 
was disturbed.  Instead of being only localised to the paranodes and juxtaparanodes, Kv were 
also spread throughout the axonal membrane (C) and node of Ranvier (D).  Scale bar = 20 µm. 
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Figure 5.26. Juxtaparanodal localisation of Kv1.2 in wild-type cultures at 28 DIV. 
Wild-type spinal cord cultures were labelled with AA3 (red), which recognises compact myelin, 
Nav (blue) to show the node of Ranvier and Kv1.2 (green) at 28 DIV.  As shown in Figure 5.25, at 
28 DIV, Kv was localised at paranodes and juxtaparanodes in the majority of wild-type 
myelinated fibres, however, occasionally Kv labelling was starting to localise to only the 
juxtaparanode.  Scale = 20 µm. 
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Figure 5.27. The localisation of Kv1.2 in GalNAc T -/- cultures at 30 and 32 DIV. 
GalNAc T -/- spinal cord cultures were labelled with AA3 (red), which recognises compact 
myelin, Nav (blue) to show the node of Ranvier and Kv1.2 (green) at 30 DIV (panel A) and AA3 
(red), SMI 31 (blue) to show the axons and Kv1.2 at 32 DIV (panel B).  As shown in Figure 5.25, at 
28 DIV in GalNAc T -/- cultures, Kv were spread throughout the axonal membrane, however, by 
30 to 32 DIV Kv labelling was localised to the paranode and juxtaparanode.  In other words, at 30 
to 32  DIV, the Kv labelling in GalNAc T -/- cultures resembled that of wild-type and Sia T -/- 
cultures at 28 DIV.  Scale bar = 20 µm. 
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Figure 5.28. Morphology of astrocytes. 
Spinal cord cultures obtained from wild-type (I), Sia T-/- (II) and GalNAc T -/- (III) mice were 
labelled with the typical astrocyte marker GFAP and DAPI to show cell nuclei (in III) to 
investigate if the morphology of astrocytes differed between wild-type and ganglioside knockout 
mice.  It was found that there was no difference in astrocyte morphology between wild-type and 
ganglioside knockout mice.  Scale bar = 50 µm. 
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Figure 5.29. Representative images of astrocytes located near node of Ranvier in wild-type 
spinal cord cultures. 
To investigate whether astrocyte processes were associated with node of Ranvier of Ranvier in 
spinal cord cultures, wild-type cultures were labelled with GFAP to visualise astrocytes, AA3 to 
visualise compact myelin and SMI 31 to visualise axons.  Although the astrocytes processes were 
found near nodes of Ranvier it was not possible to determine whether they were in contact.  
Scale bar = 20 µm. 
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5.3  Discussion 
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5.3.1.3  Ganglioside expression of spinal cord neurons 
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1  Appendix     311 
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1.2 General Plasticware 
                                                      
                                                         
                                  
                                                        
                                                            
                                                                     
                                                     
                                                               
                                                          
                                        
                                                      
                                                       
                                                
                                              
                                                          
                                                                    
                                                  
                                                     
                                                         
                                                                
                                                    
 
 
1.3 Chemicals and reagents 
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1.4 PCR reagents 
1.4.1  Agarose gel 
             
              
                           
                            
 
 
1.4.2  Loading buffer 
               
              
              
 
 
1.4.3  Master Mix 
              
      µ                  
    µ                 
    µ                                  
    µ                                          
  µ                 
     µ                                    314 
 
 
1.4.4  PCR primers 
             
           
                                              
                        
                                              
                  
                                                
 
 
1.5 Tissue culture reagents 
1.5.1  10% FBS with heregulin and forskolin (10%HF) 
        
 µ            
                         
 
 
1.5.2  Bottenstein-Sato’s serum free media (DMEM-BS) 
                    
                
                     
                            
                  
               
 
 
1.5.3  Collagenase 
                              
       
 
 
1.5.4  Differentiation Medium 
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1.5.5  Dubco’s Modified Eagle Medium with 10% FBS (10% FBS) 
        
                    
                  
               
 
 
1.5.6  Dubco’s Modified Eagle Medium with 1% FBS (1% FBS) 
       
                    
                  
               
 
 
1.5.7  OEC mitogen media with FBS (OMM+5%FBS) 
         
       
               
                   
    
              
                                       
 
 
1.5.8  N1 medium 
                         
                       
                         
                     
 
 
1.5.9  Neurobasal/B27 
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1.5.10 Plating medium (PM) 
                        
                
                   
               
 
 
1.5.11 SATO mix 
                           
                      
                      
                               
                        
                    
 
 
1.5.12 Soyabean trypsin inhibitor-DNAse (SD) 
                                      
                                                     
                                           
       
 
 
1.6 Immunocytochemistry reagents 
1.6.1  Acid Alcohol 
             
                                  
 
 
1.6.2  Citric Acid Buffer, pH 6.0 
                  
 
 
1.6.3  4% paraformaldehyde 
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1.7 Macro: “percentage of BrdU positive nuclei”  
Dapi="blue"; 
BrDU="green"; 
None="red";          //Sets which colour channel holds which stain 
thresh = 40          //Value to set threshold at 
 
iTitle=getTitle; 
imageDirectory = getDirectory("image");     //get the directory where the open image is saved 
print (imageDirectory);         //record directory path to be analysed 
 
fList=getFileList(imageDirectory);    //save a list of all files in directory 
 
selectWindow(iTitle); 
run("Close");          //close the open image 
 
for (i=0; i<fList.length; i++){      //main loop - for each image in directory 
 
  if (endsWith(fList[i],"tif")) {      //check file to open is a *.tiff" image 
 
  open(imageDirectory + fList[i]);    //open the file 
run("RGB Color");        //make sure image is a 24-bit RGB file 
 
iTitle = getTitle;         //get the image's name 
iTitleDapi = iTitle + " (" + Dapi + ")"; 
iTitleBrDU = iTitle + " (" + BrDU + ")"; 
iTitleNone = iTitle + " (" + None + ")";    //work out names of colour channels 
 
run("RGB Split");        //split image into colour channels 
selectWindow(iTitleNone); 
run("Close");          //close the 3rd channel with nothing on it 
 
selectWindow(iTitleDapi);      //select the DAPI channel 
rename("dapi");         //rename it to "dapi" 
run("Subtract Background...", "rolling=50");  //subtract the background 
 
setThreshold(thresh, 255);      //set the threshold using value at the top 
run("Threshold", "thresholded remaining black"); //threshold it  
run("Watershed");        //separate nuclei that are close together 
run("Analyze Particles...", "minimum=15 maximum=500 bins=20 show=Nothing display clear"); 
DapiCount=nResults;        //analyse particles and count the number of nuclei 
run("Invert");          //invert, to allow image to be AND-ed with BrdU 
 
selectWindow(iTitleBrDU);      //Select BrdU channel 
rename("brdu");         //Rename it to “BrdU” 
run("Subtract Background...", "rolling=50");  //Subtract the background 
setThreshold(thresh, 255);      //Set the threshold 
run("Threshold", "thresholded remaining black"); //threshold it 
run("Invert");          //Invert to AND with DAPI 
run("Image Calculator...", "image1=[brdu] operation=AND image2=[dapi]"); 
//AND image with DAPI 
run("Threshold", "thresholded remaining black"); //Make sure the image is still thresholded 
run("Analyze Particles...", "minimum=15 maximum=500 bins=20 show=Nothing display clear"); 
BrDUCount=nResults;        //analyse particles and count the number of nuclei 
 
selectWindow("brdu");        //Close BrdU window 
run("Close"); 
selectWindow("dapi");        //Close DAPI window 
run("Close"); 
 
print (iTitle + "," + DapiCount + "," + BrDUCount + "," + (BrDUCount / DapiCount * 100));}}   
    //record the number of DAPI nuclei, BrdU nuclei and calculate BrdU/DAPI*100 
    //loop back and open the next image, or end the macro if all images are done     318 
1.8 Macro: “quantitation of PLP labelling” 
thresh_red = 80; 
thresh_green = 67; 
thresh_blue = 128;         //Values to set thresholds at 
 
iTitle=getTitle; 
imageDirectory = getDirectory("image"); 
print (imageDirectory); 
print ("Image name,Red Black,Red White,Green Black,Green White,Blue Black,Blue White") 
//get the name of the open image, and the folder it came from 
fList=getFileList(imageDirectory);     //build a list of all images in the folder  
selectWindow(iTitle); 
run("Close");          //close window 
 
for (i=0; i<fList.length; i++){      //start the loop to open files 
if (endsWith(fList[i],"tif")) {      //check that file is a valid image 
open(imageDirectory + fList[i]);      //if it is valid, open it 
   
iTitle=getTitle; 
iTitleRed=iTitle + " (red)"; 
iTitleGreen=iTitle + " (green)"; 
iTitleBlue=iTitle + " (blue)";       //build names of color component images 
   
run("RGB Split");        //split image into colour components 
 
string="image1=["+iTitleGreen + "] operation=AND image2=[" + iTitleBlue+"] create"; 
run("Image Calculator...", string); 
iTitleAND = getTitle; 
setThreshold(thresh_blue, 255); 
run("Threshold", "thresholded remaining black"); 
run("Invert");          //get red and blue areas and threshold 
getStatistics(area, mean, min, max, std, histogram); 
n_blue_black=histogram[0]; 
n_blue_white=histogram[255];       //measure areas 
selectWindow(iTitleAND); 
run("Close"); 
selectWindow(iTitleBlue); 
run("Close");          //close windows 
 
selectWindow(iTitleRed); 
setThreshold(thresh_red, 255); 
run("Threshold", "thresholded remaining black"); 
run("Invert");          //get red threshold 
getStatistics(area, mean, min, max, std, histogram); 
n_red_black=histogram[0]; 
n_red_white=histogram[255];      //measure areas 
selectWindow(iTitleRed); 
run("Close");          //close window 
 
selectWindow(iTitleGreen); 
setThreshold(thresh_green, 255); 
run("Threshold", "thresholded remaining black"); 
run("Invert");          //get green threshold 
getStatistics(area, mean, min, max, std, histogram); 
n_green_black=histogram[0]; 
n_green_white=histogram[255];       //measure areas 
selectWindow(iTitleGreen); 
run("Close");          //close window 
   
print 
(iTitle+","+n_red_black+","+n_red_white+","+n_green_black+","+n_green_white+","+n_blue_black+
","+n_blue_white);}}         //display results 